This work was carried out to evaluate the statistical properties of eight nonlinear models used to predict nitrogen mineralization in soils of the Southern Minas Gerais State, Brazil. The parameter estimations for nonlinear models with and without structure of autoregressive errors was made by the least squares method. First, a structure of second order autoregressive errors, AR(2) was considered for all nonlinear models and then the significance of the autocorrelation parameters was verified. Among the models, the Juma presented an autocorrelation of second order, and the model of Broadbent presented one of first order. In summary, these models presented significant autocorrelation parameters. To estimate the parameters of nonlinear models, the SAS procedure MODEL was used (SAS). The comparison of the models was made by measuring the fitted parameters: adjusted R-square, mean square error and mean predicted error. The Juma model with AR(2) best fitted for nitrogen mineralization without liming, followed by Cabrera, Stanford & Smith without autoregressive errors, for both with and without soil acidity correction.
INTRODUCTION
Nitrogen is the most required nutrient by crops. The high cost and the large need of plants for nitrogen make N the most limiting nutrient for food production in the world. Nitrogen is found in soils predominantly in the organic form as a component of different soil organic compounds. Compared to other nutrients, nitrogen undergoes several transformations in soil which makes N availability to plants difficult to be evaluated. Mineralization is one of the N transformation processes in soils and it consists of the conversion of organic N into mineral N (ammonia), which under acid conditions is converted rapidly into ammonium. This process increases in part the soil availability of N to crops since plants are not capable of absorbing N in organic forms. The mineralization process is influenced by a number of factors, such as: soil type, organic matter content, total N, C/N ratio, pH, temperature, soil moisture, drying, level of soil acidity, supply of inorganic nutrients and soil/plant interactions (Haynes, 1986) . Among these factors, soil acidity exerts an important role in conditioning the nitrogen mineralization rates since soil acidity correction generally increases the amounts of mineralized nitrogen (Nyborg et al., 1988; Silva et al., 1994) . The evaluation of N availability may be achieved by means of short term biologic methods using soil sample incubation in laboratory as a basis for making N fertilizers recommendations for crops (Foth & Ellis, 1988) . The incubation process consists of conditioning soils providing to the organisms associated to organic N conversion to ammonium the optimum conditions to obtain the maximum mineralization rates. Under controlled conditions, it is necessary to add water, nutrients, limestone and other inputs that limit the activity of mineralizing organisms in order to evaluate the soil N mineralization potential as a function of time.
Mineralization of organic matter is higher during initial incubation periods due to the consumption by soil organisms of the most easily decomposable organic compounds (Gupta & Reuszer, 1967; Chew et al., 1976) , and on account of the factors which may accelerate organic matter decomposition such as soil tillage processes, drying, and grinding (Black, 1968) .
Using empirical models it is possible to report and predict the relationships among events taking place in nature by fitting mathematical equations to experimental data (Camargo et al., 2002) . To evaluate nitrogen mineralization dynamics in the soil, it is important to know which model best describes how this phenomenon is related to time. N mineralization in soil, according to Stanford & Smith (1972) , may be described by a simple exponential model, which relates the mineralized N from a single potentially mineralizable N compartment to the incubation time, at a rate proportional to its concentration in soil. In other studies (Molina et al., 1980; Inobushi et al., 1985) , the existence of two N compartments in the soil is taken into account, one with more and other with less mineralization potential, though Camargo et al., (2002) have rejected the hypothesis of the existence of more than one N compartment in the soil, susceptible to mineralization.
In fertilization programs, most of the N required by crops is supplied by mineral fertilizers. When high amounts of N are added to soil, a great concern exists in relation to water and atmosphere pollution due to the inefficient use of nitrogen fertilizers by plants which demands new alternatives that make possible the substitution of all or part of those inputs (Scivittaro et al., 2000) and the better use of nitrogen supplied by soil through the mineralization process.
The prediction, by means of mathematical models, of amounts of mineralized N over time, in soils under different management systems assumes great importance relative to the following aspects: 1) allows the evaluation of soil capacity to supply N to plants; 2) makes the evaluation of mineral-N availability (nitrate + ammonia) possible in soils under different management systems; 3) allows the determination of the best soil management practices in order to increase the N use efficiency in the soil-plant system; 4) predicts the possibility of soil contamination and quantificates nitrate fluxes to the water reservoirs; 5) furnishes the basis for defining correctly the N rates for different crops.
Based on Camargo et al. (2002) , the present work proposes the matrix of variance and covariance parameters of these models (Draper & Smith, 1998) , considering also autoregressive errors. To evaluate the degree of fitting of experimental data related to nitrogen mineralization in the Southern Minas Gerais State Oxisol incubated during 28 weeks in laboratory conditions, eight nonlinear models were chosen.
MATERIAL AND METHODS
Eight nonlinear models were evaluated by fitting experimental data associated with N mineralization in a Minas Gerais, (Brazil) Oxisol under the effect or not of liming. These data were obtained by Silva et al. (1994) and are related to the accumulated amounts of mineralized N during eleven incubation times (1, 2, 3, 4, 6, 8, 10, 12, 14, 21 and 28 weeks) . Soil acidity correction was made in order to elevate the soil base saturation to 60% and the pH to values in the range of 6.0-6.2. Mineral N extraction (nitrate + ammonium) formed during incubation was performed by periodic washing of the soil with a 0.01 mol L -1 CaCl 2 solution. The quantification of mineralized N was performed in a steam draft distiller, with N-ammonium being quantified after addition of MgO in the CaCl 2 extract and nitrate after use of Devarda alloy in the remaining extract. Soil samples were incubated under laboratory conditions with air temperatures ranging between 21 and 28°C. The experimental design was completely randomized with three replicates of 50 g of soil, with soil acidity corrected or not, mixed to 50 g of medium sand and incubated in funnels during 0 to 28 weeks. The mineralized amounts of N were accumulated in time (weeks). The nonlinear empirical models to predict N mineralization in relation to time (weeks) are presented in Table 1 .
The description of the terms (parameters) in these models is as follows:
N m is the mineralized nitrogen at time t; t is the incubation time (weeks); N 0 is the potentially mineralizable Nitrogen; h, k, k 0 , k 1 , k 2 , k q e k s are mineralization rates; S is the least stable fraction of organic nitrogen;
(1 -S) is the resistant fraction of organic nitrogen; N 1 , N 0q are the easily mineralizable N; N 2 , N 0s are the hardly mineralizable N; A and b are constants; ε a vector of errors with normal distributions with mean zero and variance σ 2 . This structure of the errors was considered for the models with no autocorrelation in the residuals.
For models which have residual autocorrelations a stationary autoregressive process of first order AR(1) was considered:
in which φ is the autocorrelation parameter and t ε ,the white noise (Hoffmann & Vieira, 1998) .
If necessary a second order autoregressive process, AR(2), was considered (Morettin & Toloi, 2004) :
here 1 φ and 2 are autocorrelation parameters and t ε is the white noise. The process is stationary if 1 2 2 1 2 1, 1 and 1 1.
In studies using regression models, it is assumed that errors are independent. Generally the problem of autocorrelated errors appears with longitudinal data, in which the error of observation relative to one period is correlated with the error in the previous observation (Hoffman & Vieira, 1998) . However, in the case of using nonlinear models for the description of the index of soil nitrogen mineralization, it is important to consider autocorrelation since measures of accumulated nitrogen are taken at several times in the same plot, which make them likely to be correlated.
Simple exponential models consider the existence of only one "pool", where the potentially mineralizable N, (N 0 ), is decomposed in a rate proportional to its concentration, while the double exponential models consider the existence of two "pools" or compartments. Thus, there are two rates taking place in the process, one relative to the soil organic matter compartment that is more stable (resistant) and the other to the compartment that is less stable.
The hyperbolic model of Juma et al. (1984) provides an estimate of the half life ( ) t of the nitrogen mineralization (Camargo et al., 2002) , while the parabolic model of Broadbent (1986) used by Stanford & Smith (1972) gives a pre-estimate of the potentially mineralizable nitrogen (N 0 ).
Estimates of the parameters for the nonlinear models with and without AR(1) and AR(2) error structures were obtained only for the models that have shown autocorrelation in residuals. The least squares estimation of the parameters was made using the iterative algorithm of Marquardt (1963) , implemented in the PROC MODEL (SAS ® , 1999) statistic software. The nonlinear models were evaluated using the mean square error MSE (Draper & Smith, 1998) , the adjusted coefficient of determination, Adj R 2 , (Draper & Smith, 1998) and the mean prediction error, MPE, (Mazzini et al., 2005) .
RESULTS AND DISCUSSION
After models were fitted to the experimental results, with and without liming, first considering the models without autoregressive errors, models AR(1) and Table 1 -Nonlinear models for the mineralization of soil N related to time (weeks). . (Piracicaba, Braz.), v.62, n.4, p.395-400 , July/Aug. 2005 AR(2) for residuals were fitted, when necessary. The process verified whether a model contains autocorrelated errors, i.e., it analyzed the significance of the respective autocorrelation parameter. Table 2 summarizes the analyses with and without autoregressive errors. Cabrera's and Stanford & Smith's models presented the lowest values for the MSE for data with and without liming. In Juma's AR(2) and Broadbent's AR(1) models, with and without liming, there was a decrease in the MSE.
Values of Adj R 2 for the models without autoregressive residuals, except for Juma and Broadbent, were superior to 0.97. This denotes a good fit. The allowance of the autocorrelation in residuals provided an increase in Adj R 2 for Juma's model with AR(2), without liming. It fitted well presenting an Adj R 2 higher than 0.99. Broadbent's model with AR(1) errors provided an increase in, but lower than 0.95, this is shown in Figure  1 (the two last plots (h)).
Accordingly to the mean predicted error (MPE) for the models without autoregressive errors (Table 2) Table 3 -Parameters estimates (Est) lower confidence interval limits (LL), upper limits (UL) for models with and without structure of autoregressive errors, with and without liming.
1 N 0 : Potentially mineralizable nitrogen; h, k, k 0 , k 1 , k 2 , k q and k s : mineralization rates or constants; S: least stable fraction of organic nitrogen; N 1 , N 0q : easily mineralizable nitrogen N; N 2 , N 0s : N hardly mineralizable N; A and b: constants; 1 φ and : autocorrelation parameters. Agric. (Piracicaba, Braz.), v.62, n.4, p.395-400 The mathematical model that best described the N mineralization dynamics is that one proposed by Juma with AR(2) in soils sample without soil acidity correction followed by Cabrera's, Stanford & Smith's models without an autoregressive error structure, for both types of soil.
The model which provided the worst fit was Broadbent's with and without autoregressive error structure, with and without liming.
